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Abstract

Fatigue crack growth rates of Ti 6-2-2-2-2 as a function of stress
ratio, temperature (24 or 177 °C), tensile orientation and environment
(laboratory air or ultrahigh vacuum) are presented. Fatigue crack
growth rates of Ti 6-2-2-2-2 are also compared with two more widely
used titanium alloys (Timetal 21S and Ti 6Al-4V). The fatigue crack
growth rate (daldN) of Ti 6-2-2-2-2 in laboratory air is dependent upon
stress ratio (R), particularly in the near-threshold and lower-Paris
regimes. For low R (less than approximately 0.5), da/dN is influenced by
crack closure behavior. At higher R (> 0.5), a maximum stress-intensity
factor (K ) dependence is observed. Fatigue crack growth behavior is
affected by test temperature between 24 and 177 °C. For moderate to
high applied cyclic-stress-intensity factors (AK), the slope of the log
daldN versus log AK curve is lower in 177 °C laboratory air than 24 °C
laboratory air. The difference in slope results in lower values of da/dN
for exposure to 177 °C laboratory air compared to room temperature
laboratory air. The onset of this temperature effect is dependent upon
the applied R. This temperature effect has not been observed in
ultrahigh vacuum. Specimen orientation has been shown to affect the
slope of the log da/dN versus log AK curve in the Paris regime. The
damaging effect of laboratory air is more pronounced for specimens with
the applied load oriented 45° to the longitudinal and long transverse
directions compared to fatigue crack growth in the T-L or L-T
orientations.

Introduction

Titanium alloy systems are being considered for advanced supersonic aircraft
components, because they have a higher specific strength and improved thermal stability
compared to conventional aluminum alloys. Some components on supersonic airframes, for
example skin on leading edges, may operate at temperatures greater than 130 °C for tens-of-
thousands of hours; which precludes the use of conventional aluminum alloys. The objective of
this work is to characterize the fatigue crack growth behavior of one such advanced titanium
alloy sheet, Ti- 6 Al-2 Zr -2 Cr - 2 Sn - 2 Mo (T1 6-2-2-2-2) and to compare this behavior with
two more widely studied sheet materials, a [ titanium alloy (Timetal 21S) and another o+ alloy
(Ti 6Al1-4V). Characterization of the fatigue crack growth behavior in an active environment
(air) compared to an inert environment (ultrahigh vacuum) will be used to develop an

understanding of the environmental interactions which influence long term durability [1-4].



Materials Processing and Characterization

The Ti 6-2-2-2-2 alloy product studied was a 1.65 mm (0.065 inch) thick cross rolled
sheet. The sheet was hot rolled at 927 °C (1700 °F) and solution annealed at 899 °C (1650 °F)
for 30 minutes, followed by an aging treatment at 510 °C (950 °F) for 10 hours (in all cases the
sheet material was processed in packs of several sheets which were air cooled following all heat
treatments). The chemical composition and B transus are shown in Table I. The as-received
sheet contained primary o grains of less than 10 pm, with transformed B colonies, as shown in
Figure 1 (the primary o grains appear lighter than the transformed colonies). Grains were
pancake shaped, elongated in the longitudinal (L) and long transverse (T) directions. While this
microstructure was fairly uniform, there was evidence of some highly elongated primary o
grains, Figure 2. The Ti 6-2-2-2-2 alloy contains a higher fraction of B phase than does the near
o (lean in retained B) Ti 6Al-4V alloy, which has a small amount of acicular o and some
intergranular . Chemical compositions of these alloys are given in Table I. Grain sizes, phase
composition, and morphology of the three alloys are listed in Table II.

Table I1I summarizes room temperature L. and T mechanical properties for Ti 6-2-2-2-2,
Timetal 218, and Ti 6Al-4V. The Timetal 21S, B-Ti alloy, exhibits the greatest ultimate (Gyrs)
and yield (Gys) strengths followed by the a+f alloy, Ti 6-2-2-2-2, and the near o Ti 6Al-4V
alloy. The additional B present in the Ti 6-2-2-2-2, results in a significant increase in strength,
compared to the near o alloy Ti 6Al-4V. The elastic modulus (E) for the three sheet products
does not follow the same trend, as does the strength in the longitudinal and transverse axes. Ti 6-
2-2-2-2 was found to have the highest modulus followed by the Ti 6Al-4V and the Timetal 21S
sheets.

Rolled o+ alloys develop a textured microstructure with preferential alignment of the
basal planes (0002) in the hexagonal o phase [5, 6]. A texture analysis was performed on the Ti
6-2-2-2-2 sheet and is presented in Figure 3. The maximum intensities for the (0002) normal
were found to be rotated approximately 35° from the short transverse (S) direction towards the T
and approximately 30° from the S to the L direction. The texture was examined at the middle of
the sheet thickness (t/2) as well as the t/4 plane, with both locations exhibiting a similar texture.
It is common for the (0002) poles of rolled alloys containing a hexagonal phase to be

concentrated 30 to 40° from the sheet normal in the T direction [6]. This preferential alignment

2



of (0002) has been attributed to the competition between {0002} <1120 > slip, rotating the

basal poles toward the sheet normal and {112 2} twinning, rotating the basal poles towards the

transverse direction [6]. Since the Ti 6-2-2-2-2 sheet was cross rolled, the basal planes were
rotated 30° to 40° towards both the L and T axes from the S axis. The observed texture produced
basal planes of the o, phase oriented nearly equally with respect to the L and T directions.
Consequently, a crack growing normal to the tensile axis in a T-L oriented (T tensile axis with

the crack growing in the L direction) fatigue crack growth specimen would encounter roughly

the same microstructure as a crack growing normal to the tensile axis in a L-T oriented (L tensile
axis with the crack growing in the T direction) specimen. Therefore, comparison of the fatigue
crack growth behavior for only T-L and L-T oriented mechanical test specimens is not adequate
to evaluate the effect of texture on the fatigue crack growth behavior for the cross rolled Ti 6-2-
2-2-2 sheet product. Accordingly, fatigue crack growth rate tests for specimens with the applied

load oriented 45° to the longitudinal and long transverse directions will also be presented.

Experimental

All fatigue crack growth testing was performed using computer-controlled, closed-loop,
servo-hydraulic machines, operating under load control, and using a sinusoidal waveform.
Laboratory air and ultrahigh vacuum testing was conducted at room (24 °C) and elevated
temperature (177 °C). Inert environment testing was conducted in an ultrahigh vacuum, metal-
to-metal sealed, stainless steel chamber with a baseline pressure less then 7 x 107 Pa (< 5 x 10”
Torr). A platinum electrode furnace contained in the vacuum chamber was used for elevated
temperature testing for the inert environment.

Fatigue crack growth tests were conducted using eccentrically-loaded single edge notch
tensile (ESE(T)) specimens (formally known as extended compact tension, EC(T)), shown in
Figure 4. The final thickness (B) of the specimens tested in this study was 1.52 mm. Crack-tip
stress-intensity factor (K) controlled testing was performed by continuously determining crack
length (a) using a compliance based measurement technique. Displacement measurements were
made using either a clip gage placed across the crack mouth using integrally machined knife
edges, shown in detail A of Figure 4, or a strain gage bonded to the back-face surface of the

specimen, shown in Figure 4. All near-threshold tests were conducted with a strain gage bonded



to the back-face surface of the specimen to eliminate anomalous crack-tip loading which can be
introduced when using a clip gage. Automated crack length determinations make it possible to
vary the amplitude of a sinusoidal load spectra in order to obtain the desired cyclic-stress-
intensity factor (AK) during fatigue testing. Compliance and stress-intensity factor solutions for
the ESE(T) specimen are presented in Appendix A.

To verify automated compliance based crack length determinations, visual surface crack
length measurements were performed periodically during the tests using a 20X telescope
mounted on a traveling stage with a resolution of + 25 um (x 0.001 inch) for tests conducted in
lab air, and using a long focal length microscope (= 400X) for tests conducted in the vacuum
chamber. Following each test, the visual crack length measurements and a final fracture surface
crack length measurement were used to make small (typically 0.5 % error) corrections to the
compliance based crack length determinations by linear interpolation.

Fatigue crack growth rate data was generated by performing both K-increasing and K-
decreasing tests at a constant stress ratio (R), in accordance with ASTM standard E 647 [7]. K-
decreasing tests were conducted to the fatigue crack growth threshold (defined as a fatigue crack
growth rate, da/dN, approximately 10'° m/cycle) at a normalized K-gradient (C) of -0.079 mm
(-2 in"). Al K-increasing tests were conducted at a C of 0.16 mm! 4 in'). Two K-increasing
tests were performed in laboratory air to insure reproducibility. Additionally, a portion of the
data generated during the K-decreasing test was duplicated during a K-increasing test to insure
reproducibility for these two test profiles. The test parameters (i.e., frequency and C) were
consistent from specimen to specimen in order to quantify the effect of material chemistry, stress
ratio, temperature, specimen orientation and test environment on fatigue crack growth rate.

Decreasing-AK tests were also performed using a constant-Ky,,x (increasing-R) method
[8, 9]. These increasing-R tests result in high R (typically R > 0.9) as threshold is approached.
During constant-K,, testing, the minimum applied stress-intensity factor (K.,,) increases with
decreasing AK, making it possible to maintain a K,;, which is greater than the crack-opening
stress-intensity factor (K,p), resulting in closure-free near-threshold fatigue crack growth rates [8,
9].

To make direct comparisons of fatigue crack growth rates for specimens tested under
various conditions (stress ratio, temperature, orientation and environment), the extrinsic effect of

crack closure has to be considered. Closure is produced by the premature contact of fatigue-
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crack surfaces, resulting in an effective AK (AKer = Kmax - Kop) that is less than the applied AK
[10]. Load-displacement data from either the back-face or front-face displacement gage was
analyzed using the offset technique described in ASTM standard E 647 [7] to determine opening
loads. To insure the accuracy of the automated opening load determinations, additional load-
displacement data were acquired and an opening load was determined using Elber’s reduced-
displacement technique [11]. An opening load determined using the reduced-displacement
technique was compared to five opening load predictions determined by the automated system
for five selected offset percentages (1, 2, 4, 8, and 16%) at the same applied AK value. The
offset percentage, which resulted in the best correlation of K,, with the reduced-displacement

result, was used to calculate the appropriate AKeg.

Results and Discussion

To develop a comprehensive understanding of the fatigue crack growth characteristics for
a thin sheet Ti 6-2-2-2-2 alloy, several factors that can affect fatigue crack growth rate have been
examined. In addition, the fatigue crack growth behavior of Ti 6-2-2-2-2 at room temperature
has been compared to two more commonly used titanium alloys. The results are detailed in five
sections below; 1) Comparison of Room Temperature da/dN, 2) Effect of Stress Ratio, 3) Effect
of Temperature, 4) Effect of Crack Path Orientation, and 5) Effect of Environment. A sixth
section, which includes fractography, has been supplied to aid in identifying the causal effects

for the test conditions examined.

Comparison of Room Temperature da/dN

Figure 5a shows results for T-L oriented Ti 6-2-2-2-2, Timetal 21S, and Ti 6Al-4V
fatigue crack growth rate tests conducted in room temperature laboratory air at a frequency of 5
Hz and R = 0.5. No detectable crack closure was observed, using compliance methods, for all
three materials during R = 0.5 tests. Therefore, the differences in fatigue crack growth
characteristics observed in Figure 5a are believed to be a result of intrinsic properties and not
extrinsic crack wake effects (closure). For AK less than approximately 4 or 5 MPaVm, the
intrinsic fatigue crack growth rate of Ti 6-2-2-2-2 was lower than Timetal 21S. For AK >4 or 5

MPavm, the fatigue crack growth characteristics of Ti 6-2-2-2-2 and Timetal 21S were nearly

5



identical. Both higher strength alloys (Ti 6-2-2-2-2 and Timetal 21S) exhibited increased fatigue
crack growth rates compared to Ti 6Al-4V. In the region of rapid crack growth rates (AK > 20
MPavm), the alloys having lower fracture toughness (Ti 6-2-2-2-2 and Timetal 21S) compared to
Ti 6Al-4V exhibited accelerated intrinsic da/dN.

The fatigue crack growth behavior of Ti 6Al-4V and Timetal 21S determined in this
study are compared with results from the literature in Figures 5b and 5c, respectively. Figure 5b
is a plot comparing room temperature laboratory air fatigue crack growth rate data for the present
1.52 mm thick Ti 6Al-4V sheet with 9.65 mm thick Ti 6Al-4V plate at R = 0.5 [12]. For AK <
13 MPaVm, similar fatigue crack growth characteristics are observed for Ti 6Al-4V sheet and
plate. For AK > 13 MPavm, the fatigue crack growth rate for the sheet product is lower than the
fatigue crack growth rate for the plate material. These results are consistent with previously
reported observations [13]. Figure Sc shows fatigue crack growth characteristics for Timetal 21S
for AK > 7 MPavm in room temperature laboratory air. Here, da/dN data at f = 5 Hz are in
excellent agreement with data from the literature at f = 30 Hz [14]. Results shown in Figure 5c

reveal no effect of loading frequency (5 and 30 Hz) for AK > 7 MPaVm.

Effect of Stress Ratio

Figure 6 shows room temperature laboratory air fatigue crack growth rate data for Ti 6-2-
2-2-2 ranging from 10" to 10° m/cycle for tests conducted at R = 0.1 (circle symbols) and R =
0.5 (square symbols). Also plotted in Figure 6 are the R = 0.1 data corrected for crack closure
(diamond symbols). The data represented by each symbol in Figure 6 are results for three tests.
A downward arrow is used to indicate the start of a K-decreasing test for each stress ratio and
upward arrows are used to indicate the start of two K-increasing tests for each stress ratio.
Fourteen load-displacement measurements, noted as 1 through 14 in Figure 6, were acquired
during the R = 0.1 tests. For each load-displacement measurement, an opening load was
determined using Elber’s reduced-displacement method [11]. Some representative load versus
strain deviation curves are supplied in Appendix B. Figures B1 and B2 are two reduced-strain
curves generated for the R = 0.1 tests labeled in Figure 6. Opening loads determined from the
reduced-displacement method are compared with opening load values for five different offset

levels [7] calculated by the computer-controlled testing system. The opening loads determined



from the fourteen load-displacement measurements at R = 0.1 compared most favorably with the
opening load determinations at an offset of 1 %. Therefore, the closure corrected R = 0.1 (AK)
results shown in Figure 6 were calculated using the opening loads at a 1 % offset. The offset and
reduced-displacement techniques were also used to determine opening loads for the R = 0.5
fatigue crack growth tests. Acquisition of ten load-displacement measurements are noted as A
through J in Figure 6. No evidence of crack closure was observed during fatigue crack growth
testing at R = 0.5, as revealed by the vertical load versus strain deviation plot shown in Figure
B3. The excellent correlation between the constant R = 0.5 test data and the AK. (R = 0.1)
based determinations, shown in Figure 6, and the fact that no crack closure was detected during
constant R = 0.5 tests suggests that the constant R = 0.5 data represents the closure-free
(intrinsic) fatigue crack growth characteristics of Ti 6-2-2-2-2 in room temperature laboratory
air. However, it will be shown later, that the compliance techniques have not accounted for all of
the closure present for these tests.

The fatigue crack growth characteristics of T-L oriented Ti 6-2-2-2-2 for the lower-Paris
to threshold regime (AK < 10 MPaVm) are shown in Figure 7 for a wide range of stress ratios.
Decreasing-AK tests were conducted at constant Ky,,x, R ranging from approximately 0.15 to
0.95, as well as constant stress ratios, R = 0.1 and 0.5. Three data points on the constant-K,x
curves in Figure 7 for AK between 5.5 and 9.5 MPaVm have been encircled. At these three data
points, additional data with similar stress ratios are present for constant-R tests. Here, excellent
agreement in da/dN is observed for the different test methods. For example, similar fatigue
crack growth rates are observed for the constant-K,, (11 MPa\/m) testing at R = 0.5 and 0.15
compared to fatigue crack growth rates obtained for constant-R testing at R = 0.5 and 0.1,
respectively. At very low values of AK, the three constant-K,.x tests shown in Figure 7 produce
accelerated da/dN compared to the two constant-R tests. A line of constant da/dN at 1 x 10'°
m/cycle has been indicated on Figure 7. According to ASTM E 647 [7] this fatigue crack growth
rate can be used to estimate fatigue crack growth threshold (AKy). The three values of AK
identified along the x-axis in Figure 7 represent the intercepts of the fatigue crack growth test
results (Kpax= 16.5 MPavm, R = 0.5, and R = 0.1) with da/dN = 1 x 10 m/cycle. Estimated
intercepts of the five curves shown in Figure 7 as well as for constant-K,,x tests of 3.85 and 6.6

MPaVm with 1 x 10 m/cycle are presented as AKy in Table IV. This data indicates a



decreasing AKy, with increasing Kg.x. As shown in Figure 6, the difference in AKy, for R = 0.1
and 0.5 appears to be a result of crack closure. However, the further decrease in AKy, observed
for the three closure-free Ky.x tests presented in Figure 7 are consistent with recent research [15,
16] indicating an effect of applied K..x and not consistent with the view of a single intrinsic
fatigue crack growth rate curve [10].

One potential effect that could influence the results of the constant-Kpax tests presented in
Figure 7 is an apparent decrease in toughness with crack length. To examine this effect in Ti 6-
2-2-2-2, several specimens were fatigue cracked to different lengths and then pulled to failure at
a constant crosshead rate. Results of apparent fracture toughness (K.) versus a/W are presented
for four T-L oriented Ti 6-2-2-2-2 specimens in Figure 8. Here an obvious trend of decreasing
stress-intensity factor at failure is observed with increasing crack length. To minimize any
potential effect of this observation, the fatigue results presented within this paper are only shown
for values of a/W less than 0.75 and the applied K..x was always less than half the apparent
fracture toughness. Additionally, the results for constant-K ., tests presented in Figure 7 and for
subsequent results were acquired using multiple specimens, and the trend observed (decreasing
AKy, with increasing K,,,) could not be related to the crack length or apparent fracture toughness
for each test.

Values of AKy, plotted against applied K,,.x in Figure 9 (represented as circle symbols)
reveal two distinct regions [17, 18]. For low values of Kx (< 4.6 MPa\/m), a relatively large
increase in AKy, is observed with decreasing K,,,x (dashed linear regression line). For values of
Kmax greater than approximately 4.6 MPavm, a more subtle yet distinct decrease in AKy, is
observed for increasing K.x (dotted linear regression line). Here, the large increase in AKy, with
decreasing K., (for Ky.x < 4.6 MPa\/m) is dominated by crack closure, while the subtle
decrease in AKy, (Kpyax > 4.6 MPa\/m) is a true Ky, effect [17, 18]. The results shown in Figure
9 suggest that closure was present at threshold for R = 0.5 (AK = 2.09 MPaVm, K. = 4.18
MPaVm), even though no closure was measured using the far-field displacement techniques
described above. This discrepancy is believed to be due to a lack of crack-tip displacement
measurement resolution using far-field displacement gages such as a back-faced strain gage or

front-face clip gage. By extending the regression line for the K,,.-affected region to values of



Kipax < 4.6 MPa\/m, closure-free values of AKy (AKy, o) can be predicted (represented as
triangle symbols in Figure 9).

Curves of AK versus K,x were generated for a total of twenty values of da/dN from 1 x
10" to 1 x 10”7 m/cycle for Ti 6-2-2-2-2. Figure 10 contains data for four of these values of
da/dN. At each value of da/dN data are fit using two linear regression lines. At low values of
Kmax, a relatively large increase in AK is observed with decreasing K,,x (dashed linear regression
lines). For larger values of K, a distinct change in slope is observed (dotted linear regression
lines). To delineate between the two regions of crack growth, solid line segments are drawn
connecting the intercepts between the closure-dominated (Region A, dashed lines) and closure-
free (Region B, dotted lines) data. Plots of AK versus K, can thus be used as an empirical
method to determine whether fatigue crack growth rate data are influenced by crack closure
without relying on displacement measurements from a far-field displacement gage.

Figure 11 is a plot of da/dN versus AK for tests at three different conditions (constant
Kipax =22 MPa\/m, R =0.1, and R =0.5). Also shown are two AK curves for the two constant-
R tests that were generated using K,, determined by the empirical threshold method described
above for each of the twenty values of da/dN selected. These curves are considered as a
boundary for closure affected data. All of the data points to the right of the two closure-free
curves are affected by closure and the data to the left of the curves are not affected by closure.
Values of da/dN, applied AK and closure-free AK for da/dN less than 1 x 10”7 m/cycle for R =
0.5 and 0.1 are presented in Appendices C and D, respectively. It should be noted that the
empirical threshold method results are contrary to standard ASTM crack closure determinations
shown above. Figure 11 shows that near-threshold (AK < 3.5 MPavm) fatigue crack growth

rates at R = 0.5 are influenced by crack closure.

Effect of Temperature

Figures 12 and 13 compare room temperature (24 °C) and elevated temperature (177 °C)
fatigue crack growth rate data at R = 0.1 and R = 0.5, respectively. For R = 0.1 (Fig. 12), the
fatigue crack growth rates at 24 °C and 177 °C are similar for AK < 25 MPavm. For AK > 25
MPaVm, room temperature fatigue crack growth rates are accelerated compared to that observed

at 177 °C. The R = 0.5 fatigue crack growth rate characteristics shown in Figure 13 reveals



room temperature da/dN is accelerated compared to crack growth at 177 °C for AK > 7 MPaVm.
A comparison of the results shown in Figures 12 and 13 suggests a stronger influence of
temperature on fatigue crack growth rates at R = 0.5. Over the entire range of AK examined, no
closure was observed for testing at R = 0.5 using far-field compliance based closure techniques;
however, closure was measured for R = 0.1. To further evaluate the fatigue crack growth
behavior in the lower-Paris to threshold regime at 177 °C, several constant-K,,,x decreasing-AK
tests were performed (Fig. 14). Threshold AK values at 177 °C for each test are shown in Table
V. The 24 °C and 177 °C threshold data plotted as AKy, versus K.« in Figure 15, exhibit similar
trends for the closure-dominated (dashed linear regression lines) and closure-free (dotted linear
regression lines) regions. Figure 16 is a plot of AK versus Ky, data at a fatigue crack growth
rate of 1 x 108 m/cycle. Temperature (24 to 177 °C) is shown to have little influence on the
closure-dominated (dashed linear regression lines) region. However, for the closure-free data
(dotted linear regression lines), a temperature dependence is indicated as a difference in slope for
the data at the two temperatures examined. Applied K. has less of an influence on fatigue
crack growth behavior at 177 °C than at room temperature (Fig. 16). As was done at room
temperature, plots of AK versus K,,,x were produced at twenty values of da/dN between 1 x 101°
and 1 x 107 m/cycle. From these plots closure-free fatigue crack growth rate data for R = 0.1
and 0.5 were generated. Values of da/dN, applied AK and closure-free AK for da/dN less than 1
x 107 m/cycle for R = 0.5 and 0.1 tests at 177 °C are supplied in Appendices E and F,
respectively.

Figures 12 and 13 indicate an increase in temperature from 24°C to 177°C can result in a
decrease in da/dN for Ti 6-2-2-2-2 in laboratory air. While increasing temperature has been
shown to produce an increase in da/dN for several materials [19, 20], previous studies of o+f3
titanium alloys have also observed a decrease in da/dN with increasing temperature for certain
conditions [21, 22]. Decreasing da/dN with increasing temperature has only been observed over
a selected temperature range (approximately 0 to 150°C)[21]. Several reasons for this effect
have been proposed [21, 22]; however, there has been no definitive evidence to support any one

theory. This will be discussed in further detail in a later section (Effect of Environment).
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Effect of Crack Path Orientation

Fatigue crack growth rates of T-L, L-T and 45° oriented Ti 6-2-2-2-2 specimens at room
temperature and T-L and 45° oriented Ti 6-2-2-2-2 specimens at 177 °C are shown in Figures 17
and 18, respectively. At 24 °C, T-L and L-T orientations exhibit similar fatigue crack growth
rate characteristics except at moderate values of AK (between 7.7 and 16.5 MPaVm) where the
T-L orientation was found to have a slightly higher (approximately 1.5 times greater) da/dN
compared to the L-T orientation. The fatigue crack growth behavior observed for the 45°
orientation is different than the behavior for either the T-L or L-T orientations (Fig. 17). The
T-L and L-T Paris regime fatigue crack growth curves are approximately described by a AK*®
power law while the 45° orientation is characterized by a single AK*> power law. The fatigue
crack growth characteristics at elevated temperature (Fig. 18) are described by a AK** power law
for the T-L orientation and a AK™” power law for the 45° orientation.

Figure 19 is a plot of lower-Paris to threshold regime da/dN versus AK data for L-T
oriented specimens. As was observed for the T-L orientation, AKy, is shown to decrease with
increasing K,,,x. Table VI lists values of AKy, for each of the tests represented in Figure 19. The
AKy, values are approximated using the ASTM guideline of 1 x 10'° m/cycle [7]. Figure 20 is a
plot of AKy, versus Ky,x for the L-T data listed in Table VI and T-L data listed in Table IV.
Similar trends are observed for the two orientations, indicating nearly identical behavior for both
the closure-dominated (dashed linear regression lines) and closure-free (dotted linear regression
lines) regions. These observations have been made for values of da/dN up to 7 x 10° m/cycle.
The similarity between the T-L and L-T oriented specimens can be attributed to the cross-rolling
procedure used to fabricate the Ti 6-2-2-2-2 sheet. The basal planes in the o phase are
preferentially rotated 30 to 40° towards both the longitudinal and long transverse axes from the
short transverse axis (Fig. 3). Consequently, fatigue cracks growing in T-L and L-T specimens
will intersect nearly identical crystallographic morphologies resulting in similar fatigue crack
growth behavior.

The difference in the AK power law for 45° oriented specimens compared to either T-L
or L-T oriented specimens (Figs. 17 and 18) is similar to results previously presented for highly
textured Ti 6Al-4V [23, 24]. In this previous study, the fatigue crack growth behavior of

specimens machined from a rolled bar product with six different orientations were examined. A
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AK*3 power law approximated the Paris regime fatigue crack growth data for three of the
orientations, while a AK®! % power law characterized the other three orientations. The lower
exponent was observed when the o grains were oriented such that the maximum applied shear
stress was very close to the primary slip plane in the slip direction [23, 24]. However, when the
crystallographic slip systems were not aligned with the crack tip shear stresses, a larger exponent

for the power law was obtained [23, 24].

Effect of Environment

Figure 21 compares room and elevated temperature fatigue crack growth characteristics
of Ti 6-2-2-2-2 in laboratory air and ultrahigh vacuum (< 7 x 107 Pa) for R = 0.5. Fatigue crack
growth rates in laboratory air are three to five times greater at room temperature and two to four
times greater at 177 °C compared to ultrahigh vacuum for 5 MPaVm < AK < 17 MPavm.
Environmental effects are minimized at rapid crack growth rates (AK > 17 MPaVm); where room
temperature and elevated temperature da/dN in laboratory air converge with their respective
vacuum fatigue crack growth rates. For 7 MPavm < AK < 17 MPavm, a temperature effect is
observed in laboratory air while there is little difference in fatigue crack growth rate data
obtained at 24 and 177 °C in ultrahigh vacuum. This suggests that the temperature effect
observed in laboratory air, for AK < 17 MPa\/m, is related to the environmentally assisted
processes developed in laboratory air. However, the temperature effect for AK > 17 MPaVm is a
result of an apparent increase in toughness as temperature is increased [13].

As stated earlier, a similar temperature effect, i.e. decreasing da/dN with increasing
temperature, has been observed for o+ titanium alloys in this temperature range [21, 22].
While several potential causes were discussed, these papers proposed that stress induced hydride
formation along o / B interfaces within the cyclic plastic zone is the most likely cause. It has
been argued in these references that as temperature is increased above room temperature to
approximately 150°C, the solubility of hydrogen within the titanium matrix will be increased
sufficiently to reduce the potential for hydride formation. This argument can be used to help
support the existence of a temperature effect in laboratory air while having no temperature effect
in ultrahigh vacoum. However, if this mechanism were operative, one would expect to see

evidence of intergranular fatigue fracture in laboratory air at room temperature and a more
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ductile appearance at 177°C. Fractography presented in the section entitled Fractographic
Observations does not support this argument.

Fatigue surfaces were produced in a high purity water vapor environment of 67 Pa at 24
and 177°C. The fatigue surfaces were then studied using X-ray Photoelectron Spectroscopy
(XPS). Figures 22a and b shows the O'® photoelectron spectra (represented by open circles) for
the surfaces produced at 24 and 177°C, respectively. Each O' spectra was curve fit using
constituent gaussian peaks (dashed lines) and the sum of the constituent peaks are also presented
(solid lines). At 24°C (Fig. 22a) and 177°C (Fig. 22b), three constituent peaks are identified.
The centers for each of the three constituent peaks are in good agreement with published binding
energies for oxygen in adsorbed water (533.5 eV), an hydroxide (532.0 eV) and an oxide (530.5
eV) (identified with dotted lines) [25, 26]. The height of the constituent peaks identified as
binding energies of oxygen in water and an hydroxide are found to have nearly the same ratio to
one another at 24 and 177°C. However, the relative height of the peak associated with the
oxygen binding energy in an oxide is greater at 177°C than at room temperature. This indicates
that an hydroxide film dominates the surface when exposed to a water vapor environment at
24°C, while an oxide can readily form at 177°C. Therefore, it would appear that the temperature
effect observed for fatigue crack growth rate in laboratory air is a direct result of the surface film
formed at the growing fatigue crack. It is unclear if the different surface films directly affect the
mechanical behavior of the crack tip or the increased oxide formed on the crack surfaces limit
the amount of hydrogen absorbed in the cyclic plastic zone.

Figure 23 compares the fatigue crack growth characteristics of 45° oriented specimens in
laboratory air and ultrahigh vacuum at room temperature. The ultrahigh vacuum data in Figure
23 represents two fatigue crack growth rate tests. During the K-increasing test the fatigue crack
propagated at an angle of approximately 15° to the loading axis normal. To determine the
reproducibility of the test, a K-decreasing (C = -0.079 mm") test was conducted on the same
specimen. The propagating fatigue crack remained within 8° of the loading axis normal for the
K-decreasing test. While a small difference in fatigue crack growth rates is shown for 7 MPavVm
< AK < 10 MPaVm (Fig. 23), the general fatigue crack growth behavior for the two tests are very
consistent. A comparison of the vacuum and laboratory air fatigue crack growth characteristics

shows minimal environmental effect for AK > 10 MPaVm. However, for AK < 10 MPa\/m, a
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strong environmental effect is observed. For AK =7 MPaVm, the fatigue crack growth rate for
the 45° orientation is accelerated by a factor of twenty in air compared to vacuum. A similar
comparison for the T-L orientation at 24 °C (Fig. 21), reveals an increase by a factor of three in

air rates compared to vacuum (da/dN at AK =7 MPaVm).

Fractographic Observations

Fatigue crack surfaces were examined using a scanning electron microscope (SEM).
Figures 24a and b are micrographs showing fatigue crack surfaces produced in laboratory air for
AK = 19.8 MPavm, R = 0.5 and 5 Hz at room and elevated temperature, respectively. Fatigue
surfaces produced at room temperature (Fig. 24a) exhibit a ductile appearance. At 177 °C (Fig.
24b), much of the fatigue surface was similar to that produced at room temperature. However,
there were also smooth regions (marked with arrows on Figure 24b) running parallel to the crack
growth direction. These smooth transgranular facets are present between the t/4 and 3t/4 planes
through the specimen thickness. These flat regions are most prevalent in the regions where
groups of elongated o grains were observed (Fig. 2). Differences in the fatigue surfaces are
more apparent when viewed at higher magnification (Figs. 25a and b). Here, ductile tearing
features are clearly present at room temperature (Fig. 25a), with mating features present on the
conjugate surface. Examination of the transgranular facets at elevated temperature reveals the
presence of parallel slip traces oriented approximately 30° from the crack growth direction (Fig.
25b). These observations for the smooth regions are consistent with quasi-cleavage of the
elongated primary o [27]. Due to the highly textured nature of this material and the grouping of
elongated primary o grains, these smooth regions can consist of cleavage facets for several
grains.

Fatigue surfaces produced in ultrahigh vacuum were also examined to distinguish the
effects of temperature and environment. Figures 26a and b are micrographs for specimens tested
in ultrahigh vacuum at R = 0.5 and 5 Hz at room and elevated temperature, respectively. Each of
the micrographs were taken in a region where AK was approximately 16.8 MPaVm. Fatigue
surfaces produced at room temperature (Fig. 26a) were ductile in appearance, with ductile
features appearing similar to the fatigue surface produced at room temperature in laboratory air

(Fig. 24a). At 177 °C (Fig. 26b), small-elongated features were observed. However, these
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features were not as large or abundant as those produced at 177 °C in laboratory air (Fig. 24b).
Examination of these surfaces at higher magnification reveals a uniform and ductile surface is
produced at room temperature and at 177°C in ultrahigh vacuum. These surfaces are comparable
to those produced in laboratory air at 24°C (Fig. 25a).

The fatigue surfaces produced at 24 °C and 177 °C in ultrahigh vacuum at 16.8 MPaVm
(Fig. 26) are very similar in appearance to one another; while those produced in laboratory air at
24 °C and 177 °C for AK = 19.8 MPaVm (Figs. 24 and 25) reveal distinct differences. These
observations compare favorably with the fatigue crack growth rate data presented in Figure 21.
In the inert environment, fatigue crack growth rates at 24 °C and 177 °C are roughly the same for
applied AK values up to approximately 17 MPaVm at R = 0.5. However, in laboratory air,
fatigue crack growth rates at 177 °C become increasingly lower with increasing AK compared to
fatigue crack growth rates at 24 °C for all applied AK greater than 7 MPaVm at R = 0.5.
Therefore, morphology of the fatigue surfaces helps to support the observations previously stated
for Figure 21. Namely, temperature between 24 °C and 177 °C has very little affect on the
intrinsic fatigue crack growth behavior of Ti 6-2-2-2-2 for AK < 19.8 MPavm at R = 0.5.
However, in laboratory air, fatigue crack growth rates decrease with increasing temperature in

the K.« affected region.

Summary

1. For AK greater than 4.4 MPaVm, Ti 6-2-2-2-2 has a comparable fatigue crack growth rate
to Timetal 21S sheet. Ti 6Al-4V sheet has a lower fatigue crack growth rate than either Ti 6-2-2-
2-2 or Timetal 21S in room temperature laboratory air. In the near-threshold regime (AK less
than 5 MPavm) the fatigue crack growth rate was found to decrease with an increasing fraction
of o phase (i.e. da/dNrimera1 215 > da/dNTi6 2222 > da/dNTi6a14v).

2. Fatigue crack growth rate data for several values of R or K,,.x plotted as AK versus Ki,x,
can be used to identify closure affected and closure-free fatigue crack growth rate data for Ti 6-
2-2-2-2.

3. A stress ratio effect has been observed for Ti 6-2-2-2-2 for all loading conditions. While

this effect is smaller for closure-free data than for closure-dominated data, a non-zero slope is
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observed for all data presented as AK versus K, for a selected da/dN. The empirical technique
described in this paper makes it possible to delineate closure-free and closure-dominated K,x
effects. This delineation is not possible using the ASTM suggested crack closure measurement
technique.

4, For AK greater than 7 MPaVm (R = 0.5), the fatigue crack growth rate for Ti 6-2-2-2-2 in
177 °C laboratory air is less than room temperature laboratory air. An apparent increase in
toughness with temperature is observed for AK > 17 MPavm (R = 0.5) in ultrahigh vacuum.
However, a temperature dependence is not observed for AK < 17 MPaVm. Therefore, the
temperature dependence observed in laboratory air is a result of environmental interactions
during fatigue cycling.

5. The fatigue crack growth characteristics of cross-rolled Ti 6-2-2-2-2 sheet are dependent
upon specimen orientation. While the fatigue crack growth behavior of T-L and L-T oriented
specimens are very similar, the fatigue behavior of 45° oriented specimens are very different. In
the Paris regime, the slope of the log da/dN versus log AK curve is much higher for the 45°
orientation (approximated by a AK" power law) than for the T-L and L-T orientations
(approximated by a AK*® power law). Although the 45° orientation results in a lower fatigue
crack growth rate for AK < 13 MPaVm than is observed for the T-L and L-T orientations, a

greater environmental degradation is also observed.
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Table

I. Material Chemistry, wt. %.

Alloy Al Zr Cr Sn Mo Nb v Fe Si O

Ti 6-2-2-2-2" 5.60 1.81 1.79 1.88 1.96 --- --- 0.03 0.23 0.103
Timetal 21S 3.00 --- --- --- 1495 |2.62 --- 0.34 0.195 |0.145
Ti 6A1-4V" 6.3 --- --- --- --- --- 4.0 0.15 --- 0.16

# - Beta Transus: 960 + 6°C (1760 = 10°F)
* - Nominal Composition

Table II. Microstructure of Three Ti Sheet Products.

Alloy Grain size Volume fraction 8 Morphology
Ti 6-2-2-2-2 < 10 pm 35-45% Primary o and transformed P colonies
Timetal 218 25 - 50 pm 70 - 80 % Grain boundary a and platelet o in
retained
Ti 6Al-4V <15 pm 10-20 % o matrix with grain boundary 8
Table III. Mechanical Properties.
Tensile c,, (MPa)
Alloy axis Gy (MPa) (0.2% offset) E (GPa)
Ti 6-2-2-2-2 L 1161.1 1121.8 116.5
T 1145.2 1110.7 121.9
Timetal 21S L 1299.7 1196.2 ---
T 1320.3 1241.1 104.1
Ti 6Al-4V L 986.6 901.1 113.1
T . o 109.6
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Table IV. Threshold Test Results for T-L Oriented Ti 6-2-2-2-2 Specimens
at 24 °C (from Fig. 7).

Fatigue Crack AK, R at K, at Threshold
Growth Test (MPa\/ m) Threshold (MPa\/ m)
Constant R 2.81 0.10 3.12
Constant R 2.09 0.50 4.18
Constant K__ 1.94 0.49 3.85
Constant K__ 1.53 0.77 6.60
Constant K__ 1.61 0.85 11.0
Constant K__ 1.52 0.91 16.5
Constant K 1.41 0.94 22.0

Table V. Threshold Test Results for T-L Oriented Ti 6-2-2-2-2 Specimens
at 177 °C (from Fig. 14).

Fatigue Crack AK, R at K, at Threshold
Growth Test (MPa\/ m) Threshold (MPa\/ m)
Constant R 3.11 0.10 3.46
Constant R 2.22 0.50 4.44
Constant K__ 1.65 0.90 16.5
Constant K__ 1.50 0.93 22.0
Constant K__ 1.39 0.97 44.0

Table VI. Threshold Test Results for L-T Oriented Ti 6-2-2-2-2 Specimens
at 24 °C (from Fig. 19).

Fatigue Crack AK, R at K, at Threshold
Growth Test (MPa\/ m) Threshold (MPa\/ m)
Constant R 2.79 0.10 3.10
Constant R 2.10 0.50 4.20
Constant K__ 1.55 0.90 16.5
Constant K__ 1.49 0.93 22.0
Constant K__ 1.46 0.97 33.0

20




Figure 1. Composite optical micrograph of Ti 6-2-2-2-2 sheet
product. Primary o grains appear light in the micrograph,
while transformed 3 grains are dark.

21



Figure 2. Optical micrograph of the cross rolled Ti 6-2-2-2-2 sheet,
normal to long transverse direction. Primary o grains appear light
in the micrograph, while transformed 3 grains are dark.
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Figure 3. Basal plane (0002) pole figure for Ti 6-2-2-2-2 sheet, examined at the t/4
plane. Included in the lower left quadrant is a stereographic projection drawn

with 10° intervals.
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Figure 5a. Fatigue crack growth rate versus cyclic stress-intensity factor for
T-L oriented Ti 6-2-2-2-2, Timetal 2185, and Ti 6Al-4V tested in room
temperature laboratory air at 5 Hz and R = 0.5.
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Figure 5b. Fatigue crack growth rate versus cyclic stress-intensity factor for
T-L oriented Ti 6Al-4V tested in room temperature laboratory air at R =
0.5.
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Figure 5c. Fatigue crack growth rate versus cyclic stress-intensity factor for

Timetal 21S tested in room temperature laboratory air at R = 0.1.
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Figure 6. Fatigue crack growth rates for Ti 6-2-2-2-2, T-L orientation, in

room temperature laboratory air at 5 Hz. Numbers and letters indicate

load-displacements measurements to determine opening loads. Three
test were performed at each R and the starting point and direction of
tests (K-increasing or K-decreasing) are noted with arrows.
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Figure 7. Lower Paris to threshold regime fatigue crack growth rates for Ti 6-2-2-
2-2, T-L orientation, for constant-R and constant-K__testing in room
temperature laboratory air. Noted in the figure are regions of correlation
(similar R) between the different types of tests.
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Figure 9. AK, versus K__data at 1 x 10" m/cycle for Ti 6-2-2-2-2, T-L
orientation, in room temperature laboratory air. Two distinct regions, a
closure-dominated region (dashed line) and a K__ -affected region (dotted
line) are identified.
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Figure 10. AK versus K data for Ti 6-2-2-2-2, T-L orientation, in
room temperature laboratory air at four fatigue crack growth rates.
Two distinct regions, a closure-dominated region (A, dashed lines)
and a K__-affected region (B, dotted lines) are identified.
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Figure 11. Lower Paris to threshold regime fatigue crack growth rate
data for Ti 6-2-2-2-2, T-L orientation, in room temperature
laboratory air. AK_, curves for R = 0.1 and 0.5 are determined
using the AK versus K data.
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Figure 12. Fatigue crack growth rates for Ti 6-2-2-2-2, T-L orientation, in room
and elevated temperature laboratory air, R =0.1. The starting point and
direction of each test (K-increasing or K-decreasing) are noted with arrows.

34



(05 | Tie-22-22, T-L |
£ Lab air, 5 Hz 3
- R=05 o) = -
i o i

0 24°C
_6 | i |
10° 61 o q77°¢ S GF 3
@ | l
o 107 E 3
Q - .
g - ]
S 10° £ .
® = =
© C ]
10° g E
10-10 g oI:! E
: 1 1 1 1 [ I I | 1 1 1 |:

—

10
AK (MPavm)

Figure 13. Fatigue crack growth rates for Ti 6-2-2-2-2, T-L orientation, in
room and elevated temperature laboratory air, R = 0.5. The starting point
and direction of each test (K-increasing or K-decreasing) are noted with
arrows.
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Figure 14. Lower Paris to threshold regime fatigue crack growth rates for Ti 6-2-2-2-
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2, T-L orientation, constant-R and constant-K___testing in elevated temperature
laboratory air. Regions of similar R for the two different test types are noted.
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Figure 15. AK, versus K__for Ti 6-2-2-2-2 at da/dN = 1 x 10" m/cycle, T-L
orientation, for constant-R and constant-K_ testing in room and
elevated temperature laboratory air. The data shows two distinct
regions, a closure-dominated region (dashed lines) and a K__-affected
region (dotted lines).
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Figure 16. AK versus K for Ti 6-2-2-2-2 at da/dN=1 x 10°* m/cycle, T-L
orientation, for constant-R and constant-K__ testing in room and elevated
temperature laboratory air. The data shows two distinct regions, a
closure-dominated region (dashed lines) and a K__ -affected region
(dotted lines).
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Figure 17. Fatigue crack growth rates for T-L, L-T, and 45° oriented Ti 6-2-
2-2-2 in room temperature laboratory air at R = 0.5. Three tests are
shown for each orientation. The beginning of each K-increasing test for
the 45° orientation is indicated with an arrow. The approximate power
law slope in the Paris regime for each orientation is indicated on the plot.
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Figure 18. Fatigue crack growth rates for T-L and 45° oriented Ti 6-2-2-2-2
in 177 °C laboratory air at R = 0.5. The approximate power law slope in
the Paris regime for each orientation is indicated on the plot.
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Figure 19. Lower Paris to threshold regime fatigue crack growth rates
for Ti 6-2-2-2-2, L-T orientation, for constant-R and constant-K_
testing in room temperature laboratory air. The starting point and
direction (K-increasing or K-decreasing) of each constant-R test
included in this plot is noted with an arrow.
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Figure 20. AK, versus K__for Ti 6-2-2-2-2 atda/dN = 1 x 10" m/cycle, T-L
and L-T orientations, for constant-R and constant-K___testing in room
temperature laboratory air. The data shows two distinct regions, a
closure-dominated region (dashed lines) and a K__ -affected region
(dotted lines).
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Figure 21. Fatigue crack growth rates for T-L oriented Ti 6-2-2-2-2 tested in
laboratory air and ultrahigh vacuum at 24°C and 177°C for R = 0.5.
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Figure 22. XPS spectra from Ti 6-2-2-2-2 fatigue surfaces produced during exposure
to 67 Pa water vapor at a) 24°C and b) 177 °C. Constituent peaks are shown as
dashed lines and the binding energy of O" photoelectrons for three compounds are
identified by dotted lines.
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Figure 23. Fatigue crack growth rates for 45° oriented Ti 6-2-2-2-2 tested in
room temperature laboratory air and ultrahigh vacuum at R = 0.5.
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Figure 24. SEM micrographs of fatigue surface of Ti 6-2-2-2-2, T-L
orientation, AK = 19.8 MPaVm, R = 0.5 tested at a) 24 °C and b)
177 °C in laboratory air.
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Figure 25. SEM micrographs of fatigue surface of Ti 6-2-2-2-2, T-L
orientation, AK = 19.8 MPaVm, R = 0.5 tested at a) 24 °C and b)
177 °C in laboratory air.
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Figure 26. SEM micrographs of fatigue surface of Ti 6-2-2-2-2, T-L
orientation, AK = 16.8 MPaVm, R = 0.5 tested at a) 24 °C and b)
177 °C in ultrahigh vacuum.
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Appendix A - Crack length and stress-intensity factor determinations for the ESE(T)
specimen.

A compliance expression to determine crack length (a) for displacements measured along

the front-face of an ESE(T) specimen has been derived [28].

%:CO-FCI(U) +C2(U)2+C3(U)3+C4(U)4+C5(U)5 (A'l)
Where  =——— | W is the specimen width (Fig. 4), B is the specimen thickness (Fig.
~EVB/ P +1 P v s P s

4), P is the applied load, v is the displacement, and E is the elastic modulus. The coefficients for
each term have been solved as Co = 1.00132, C; =-3.58451, C, = 6.59954, C3 =-19.22577, C, =
41.54678, Cs =-31.75871.

A compliance solution for strain measurements along the back-face of an ESE(T)

specimen has also been derived [28].

% = No+N1(logA)+ N2 (logA)*+ N 3(logA)’+ N 4 (log )’ (A-2)

Where: A= (8 / P)BWE , and ¢ is the measured strain. The coefficients for each term have been

solved as No = 0.09889, N; = 0.41967, N, = 0.06751, N; = -0.07018, N4 = 0.01082.

The crack-tip stress-intensity factor expression for the ESE(T) specimens is [28]:

P
I A-3
where:
g B (A-4)
) 3/2(1_1)1/2
(1=B)""\ 1=
G=115+0948 -24887% +2958° - 1248" (A-5)
_(a-a) A-6
B = ) (A-6)

and d is the distance between the specimen edge and load line (Fig. 4).
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Appendix B - Closure measurements using the compliance techniques.

Load versus strain data was acquired during fatigue testing. The collection of this data
during fatigue testing of T-L oriented Ti 6-2-2-2-2 in room temperature laboratory air is
identified in Figure 6. From the load versus strain data, strain deviation is calculated as the
difference between the measured strains and a least-squares fit through the unloading curve near
the maximum load. Load is then normalized by the maximum applied load and plotted against
the reduced strain. This technique results in an increased resolution for graphical determination
of the crack-opening load. Examples of reduced strain plots are shown in Figures A1, A2, and
A3. An opening load is determined on the reduced strain plot when the tangent to the loading
curve becomes vertical [11]. The opening load determined from the reduced strain technique is
then compared to the opening load values calculated for five selected offset values [7], to

determine the appropriate offset level to use for the calculation of AK.

10 Tig-2-2-2-2, T-L
L 24 °C, Lab Air
[ R=0.1,AK =2.97 MPaVm
0.8 P /P .=0325 AK =245 MPaVm

[ Load-strain measurement #1
F Figure 6 : <
06 (Fig ) unloading results from
t

max

loadi offset technique
oading (Por/P )
0.328)
0.308)

P/P

0.4 | 37 1% offset
I £ 2 % offset
~1<=—4 % offset (0.275)

8 % offset (0.246)
16 % offset (0.208)

o~ o~ —

02t

0.0-uu||I||||I||||I||||I||||I|“‘|‘“||I||||§I||||
7 6 5 4 3 2 . 0 1

Strain Deviation (uStrain)

Figure B1. Load versus strain deviation for T-L oriented Ti 6-2-2-2-2 to determine crack
opening load. Opening loads determined for 5 different offset values are also shown.
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Figure B2. Load versus strain deviation for T-L oriented Ti 6-2-2-2-2 to determine crack-
opening load. Opening loads determined for 5 different offset values are also shown.
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Figure B3. Load versus strain deviation for T-L oriented Ti 6-2-2-2-2
at AK = 2.09 MPavm, R = 0.5 and 5 Hz in room temperature laboratory
air. The entire loading portion of the curve is vertical, indicating no
crack closure.
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Appendix C - Ti 6-2-2-2-2 data in room temperature laboratory air at R = 0.5.

Fatigue crack growth rate (da/dN) and cyclic stress-intensity (AK) data for three tests
(one K-decreasing and two K-increasing) performed on T-L oriented Ti 6-2-2-2-2 in room
temperature laboratory air at R = 0.5 and 5 Hz is listed in Table C1. The tests were conducted in
accordance with ASTM E 647 [7] with sinusoidal loading and the normalized K-gradient (C) for
each test is listed in Table C1. This data is shown graphically in Figures Sa, 6, 7, 14, 16, and 18.

Closure-free AK values were determined using the intersection of closure dominated and K.«

affected results (as demonstrated in Fig. 8).

Table C1: Fatigue crack growth rate data for T-L oriented Ti 6-2-2-2-2 tested in
room temperature laboratory air at R = 0.5 and 5 Hz.

da/dN AK closure-free da/dN AK closure-free
(m/cyl) (MPavm) ‘AK (MPaym) (m/cyl) (MPavym) AK (MPaym)
K-decreasing, C = -0.079 mm"’ 1.07E-09 2.54 2.25
2.16E-09 3.07 2.99 1.00E-09 2.52 2.20
2.14E-09 3.05 2.98 9.17E-10 2.51 2.13
2.16E-09 3.04 2.99 9.24E-10 2.49 2.14
2.13E-09 3.02 2.97 9.10E-10 2.48 2.12
2.08E-09 3.00 2.94 9.14E-10 2.46 2.13
2.05E-09 2.98 2.93 9.30E-10 2.45 2.14
1.97E-09 2.96 2.88 8.27E-10 2.43 2.06
1.90E-09 2.95 2.84 7.26E-10 2.42 1.97
1.87E-09 2.93 2.82 7.21E-10 2.40 1.97
1.84E-09 2.91 2.80 7.10E-10 2.39 1.96
1.83E-09 2.89 2.79 7.02E-10 2.37 1.95
1.81E-09 2.88 2.78 6.85E-10 2.36 1.94
1.76E-09 2.86 2.75 6.11E-10 2.35 1.88
1.74E-09 2.84 2.74 5.89E-10 2.33 1.86
1.71E-09 2.82 2.72 6.04E-10 2.32 1.88
1.64E-09 2.81 2.67 5.73E-10 2.30 1.85
1.57E-09 2.79 2.62 5.36E-10 2.29 1.82
1.54E-09 2.77 2.60 5.34E-10 2.28 1.82
1.53E-09 2.76 2.60 5.29E-10 2.26 1.82
1.50E-09 2.74 2.58 4 88E-10 2.25 1.79
1.47E-09 2.72 2.56 4 70E-10 2.24 1.78
1.45E-09 2.71 2.54 4 60E-10 2.22 1.77
1.40E-09 2.69 2.51 4 44E-10 2.21 1.76
1.33E-09 2.68 2.45 4 49E-10 2.20 1.77
1.29E-09 2.66 2.42 4 38E-10 2.18 1.76
1.27E-09 2.64 2.41 3.98E-10 2.17 1.74
1.23E-09 2.63 2.38 3.62E-10 2.16 1.72
1.18E-09 2.61 2.34 3.35E-10 2.15 1.71
1.15E-09 2.60 2.32 3.12E-10 2.13 1.70
1.11E-09 2.58 2.29 2.85E-10 2.12 1.70
1.05E-09 2.57 2.24 2.40E-10 2.11 1.69
1.05E-09 2.55 2.24 8.29E-11 2.09 1.67
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Table C1. Continued

da/dN AK closure-free da/dN AK closure-free
(m/cyl) (MPaym) = AK (MPaym) (m/cyl) (MPaym) = AK (MPaym)
K-increasing, C=0.16 mm’" 6.98E-09 454
1.39E-09 2.77 2.50 7.53E-09 459
1.42E-09 2.80 252 8.09E-09 4.65
1.46E-09 284 254 8.24E-09 470
1 55E-09 287 2.61 8.54E-09 476
1.61E-09 291 2.65 8.95E-09 482
1.61E-09 294 2.65 9.22E-09 488
1.73E-09 2.98 273 9.59E-09 4.93
1.94E-09 3.01 2.86 9.97E-09 5.00
2.05E-09 3.05 2.92 1.02E-08 5.06
2.11E-09 3.09 2.96 1.05E-08 512
2.15E-09 312 2.98 1.10E-08 518
2.27E-09 3.16 3.04 1.17E-08 524
2.37E-09 3.20 3.10 1.21E-08 5.30
2.39E-09 324 3.11 1.23E-08 537
2.43E-09 3.28 312 1.29E-08 543
2 55E-09 3.32 3.18 1.39E-08 5.50
2.73E-09 3.36 3.27 1.45E-08 557
2.83E-09 3.40 3.32 1.50E-08 563
2.91E-09 344 3.35 1.57E-08 5.70
3.06E-09 3.48 3.42 1.64E-08 5.77
3.24E-09 352 3.49 1.71E-08 584
3.37E-09 3.56 3.55 1.80E-08 5.91
3.50E-09 3.61 3.60 1.87E-08 5.98
3.69E-09 3.65 1.95E-08 6.06
3.76E-09 3.70 2.07E-08 6.13
3.83E-09 3.74 2.17E-08 6.21
4.01E-09 3.79 2.23E-08 6.28
4 19E-09 3.83 2.27E-08 6.36
4 26E-09 3.88 2.34E-08 6.43
4.34E-09 3.93 2. 41E-08 6.51
4 50E-09 3.97 2 52E-08 6.59
4.74E-09 4.02 2.60E-08 6.67
4.96E-09 4.07 2.68E-08 6.75
5.19E-09 412 2.80E-08 6.83
5.39E-09 417 2.88E-08 6.91
5.56E-09 422 2.99E-08 7.00
5.73E-09 427 3.13E-08 7.09
5.98E-09 432 3.26E-08 717
6.15E-09 437 3.46E-08 7.26
6.28E-09 443 3.62E-08 7.35
6.62E-09 4.48 3.67E-08 7.44
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Table C1. Continued

da/dN AK da/dN AK da/dN AK
(m/cyl) (MPaVm) (m/cyl) (MPavm) (m/cyl) (MPaVm)
K-inc., C=0.16 mm™' (cont)f 1.41E-07 1233 K-inc., C=0.16 mm™'
3.78E-08 7.52 1.45E-07 12.48 9.29E-09 5.04
3.98E-08 7.62 1.45E-07 12.63 9.76E-09 510
4 21E-08 7.71 1.47E-07 12.78 1.03E-08 516
4 46E-08 7.80 1.51E-07 12.94 1.08E-08 523
4.72E-08 7.90 1.53E-07 13.10 1.12E-08 5.29
4 81E-08 7.99 1.57E-07 13.26 1.14E-08 5.36
4 81E-08 8.09 1.62E-07 13.41 1.17E-08 542
4 99E-08 8.19 1.64E-07 13.58 1.27E-08 557
5.20E-08 8.28 1.67E-07 13.74 1.28E-08 5.62
5 30E-08 8.38 1.74E-07 13.91 1.35E-08 5.69
5 28E-08 8.48 1.81E-07 14.08 1.43E-08 5.76
5.31E-08 8.59 1.85E-07 14.26 1.51E-08 5.83
5 61E-08 8.69 1.88E-07 14.43 1.57E-08 5.91
5 81E-08 8.80 1.93E-07 14.60 1.61E-08 5.97
5.88E-08 8.91 1.80E-07 14.77 1.67E-08 6.05
6.18E-08 9.02 2.06E-07 15.15 1.73E-08 6.12
6.54E-08 9.12 2 23E-07 15.25 1.81E-08 6.19
6.81E-08 9.24 2 34E-07 15.57 1.89E-08 6.27
7.03E-08 9.34 2 27E-07 15.63 2.00E-08 6.35
7.24E-08 9.46 2 27E-07 15.74 2 12E-08 6.42
7.40E-08 957 2.33E-07 15.89 2 18E-08 6.50
7.46E-08 9.69 2.36E-07 16.08 2.27E-08 6.58
7.52E-08 9.81 2 41E-07 16.28 2.37E-08 6.66
7.81E-08 9.93 2 48E-07 16.47 2 43E-08 6.73
8 21E-08 10.05 2 56E-07 16.67 2 52E-08 6.82
8.48E-08 10.17 2.60E-07 16.87 2 63E-08 6.90
8.71E-08 10.29 2 63E-07 17.08 2.73E-08 6.99
9.06E-08 10.42 2 76E-07 17.28 2.69E-08 7.07
9.48E-08 10.55 2.98E-07 17.49 2.93E-08 7.21
9.76E-08 10.67 3.21E-07 17.70 3.07E-08 7.28
1.01E-07 10.80 3 50E-07 17.92 3 18E-08 7.37
1.06E-07 10.93 3.69E-07 18.13 3.29E-08 7.46
1.10E-07 11.06 3.82E-07 18.37 3.41E-08 7.55
1.13E-07 11.20 3.87E-07 18.58 3.56E-08 7.65
1.16E-07 11.33 3.90E-07 18.81 3.70E-08 7.73
1.17E-07 11.47 3.82E-07 19.04 3.83E-08 7.82
1.18E-07 11.61 4 08E-07 19.32 4 05E-08 7.92
1.22E-07 11.75 4 25E-08 8.02
1.26E-07 11.90 4 44E-08 8.12
1.29E-07 12.04 4 64E-08 8.22
1.84E-07 12.19 4 85E-08 8.32

54




Table C1. Continued

da/dN AK da/dN AK da/dN AK
(m/cyl) (MPaVm) (m/cyl) (MPavm) (m/cyl) (MPaym)

K-inc., C=0.16 mm™' (cont.){| 2 .00E-07 14.62 9.28E-07 24 44

5.03E-08 8.42 2.05E-07 14.80 1.18E-08 2477

5.20E-08 8.51 2.10E-07 14.98 1.44E-086 25.08

5.39E-08 8.61 2.16E-07 15.16 1.96E-06 25.41

5.72E-08 8.99 2.22E-07 15.35 2.47E-06 25.65

5.95E-08 9.10 2.29E-07 15.52 3.30E-06 26.08

6.25E-08 9.21 2.36E-07 15.71 4 47E-06 26.35

6.53E-08 9.32 2.46E-07 15.91

6.72E-08 9.43 2.61E-07 16.09

6.88E-08 9.55 2.72E-07 16.29

7.06E-08 9.66 2.71E-07 16.49

7.18E-08 9.77 2.70E-07 16.69

7.32E-08 9.89 2.77E-07 16.89

7.64E-08 10.01 2.89E-07 17.09

7.93E-08 10.13 3.05E-07 17.29

8.26E-08 10.26 3.21E-07 17.50

8.62E-08 10.38 3.29E-07 17.71

8.88E-08 10.51 3.49E-07 17.93

9.25E-08 10.64 3.99E-07 18.15

9.54E-08 10.76 4 27E-07 18.37

9.87E-08 10.89 4 11E-07 18.59

1.02E-07 11.02 3.88E-07 18.81

1.05E-07 11.15 3.92E-07 19.05

1.10E-07 11.30 4 14E-07 19.26

1.12E-07 11.43 5.59E-07 19.80

1.13E-07 11.56 6.63E-07 19.95

1.17E-07 11.70 6.01E-07 2017

1.21E-07 11.85 6.20E-07 20.42

1.22E-07 11.99 6.20E-07 20.66

1.24E-07 12.13 6.23E-07 20.91

1.29E-07 12.28 6.62E-07 21.16

1.32E-07 12.42 7.19E-07 21.42

1.35E-07 12.57 7.53E-07 21.68

1.39E-07 12.73 7.40E-07 21.93

1.44E-07 12.88 7.28E-07 22.21

1.78E-07 13.43 7.55E-07 22.47

1.71E-07 13.60 7.42E-07 22.75

1.73E-07 13.76 7.24E-07 23.02

1.76E-07 13.93 7.73E-07 23.30

1.80E-07 1410 8.15E-07 23.61

1.87E-07 14.27 8.05E-07 23.86

1.95E-07 14.44 8.29E-07 2419
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Appendix D - Ti 6-2-2-2-2 data in room temperature laboratory air at R = 0.1.

Fatigue crack growth rate (da/dN), cyclic stress-intensity (AK) and effective cyclic stress-
intensity (AKeq) data for two tests (one K-decreasing and one K-increasing) performed on T-L
oriented Ti 6-2-2-2-2 in room temperature laboratory air at R = 0.1 and 5 Hz is listed in Table
D1. The tests were conducted in accordance with ASTM E 647 [7] with sinusoidal loading and
the normalized K-gradient (C) for each test is listed in Table D1. This data is shown graphically
in Figures 6, 7, and 13. Closure-free AK values, determined using the intersection of closure
dominated and K,,x affected results (as demonstrated in Fig. 8), for da/dN less than 1 x 107
m/cycle are also presented.

Table D1: Fatigue crack growth rate data for T-L oriented Ti 6-2-2-2-2 tested in room
temperature laboratory air at R =0.1 and 5 Hz.

da/dN AK closure-free da/dN AK closure-free
(m/cyl) (MPaym) AK (MPaym) (m/cyl) (MPaym) AK (MPaym)
K-decreasing, C = -0.079 mm’"’ 1.22E-09 3.59 2.39
3.02E-09 434 3.47 1.18E-09 3.56 2.36
2.80E-09 4.30 3.37 1.17E-09 3.54 2.35
2.77E-09 428 3.35 1.11E-09 3.52 2.30
2.83E-09 425 3.39 1.10E-09 3.50 2.30
2.78E-09 423 3.36 1.07E-09 3.48 227
2.60E-09 420 3.27 1.04E-09 3.46 2.25
2.56E-09 418 3.25 1.04E-09 3.44 2.25
2.53E-09 415 3.23 9.72E-10 3.42 2.19
2.53E-09 412 3.24 9.12E-10 3.39 2.14
2.49E-09 410 3.21 8.96E-10 3.37 2.13
2.30E-09 4.08 3.11 8.63E-10 3.35 2.10
2.25E-09 4.05 3.08 8.17E-10 3.33 2.06
2.10E-09 4.03 2.99 7.84E-10 3.31 2.03
2.01E-09 4.00 2.94 7.59E-10 3.29 2.01
2.14E-09 3.98 3.02 7.04E-10 3.27 1.97
2.12E-09 3.95 3.01 6.99E-10 3.25 1.96
2.10E-09 3.93 3.00 7.00E-10 3.23 1.96
2.03E-09 3.91 2.95 6.61E-10 3.21 1.93
1.92E-09 3.88 2.88 6.32E-10 3.20 1.91
1.83E-09 3.86 2.83 6.15E-10 3.18 1.89
1.71E-09 3.83 2.75 6.04E-10 3.16 1.89
1.64E-09 3.81 2.70 5.53E-10 3.14 1.85
1.59E-09 3.79 2.66 5.20E-10 3.12 1.82
1.53E-09 3.77 2.62 5.04E-10 3.10 1.81
1.50E-09 3.74 2.60 4.61E-10 3.08 1.78
1.50E-09 3.72 2.60 4 51E-10 3.06 1.78
1.48E-09 3.70 2.59 4.42E-10 3.04 1.77
1.49E-09 3.67 2.59 3.94E-10 3.03 1.75
1.44E-09 3.65 2.56 3.32E-10 3.01 1.72
1.34E-09 3.63 2.48 2.95E-10 2.99 1.71
1.29E-09 3.61 2.45 2.72E-10 2.97 1.71
1.29E-09 3.61 2.45 3.43E-11 2.95 1.69
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Table D1. Continued

da/dN AK closure-free da/dN AK closure-free
(m/cyl) (MPaym) = AK (MPaym) (m/cyl) (MPaym) = AK (MPaym)
K-increasing, C=0.16 mm’’ 1.07E-08 6.54 5.36
2.17E-09 4.00 3.04 1.16E-08 6.61 550
2.14E-09 4.04 3.02 1.21E-08 6.70 557
2.21E-09 4.09 3.06 1.20E-08 6.77 555
2.33E-09 414 3.12 1.26E-08 6.86 5863
2.49E-09 419 3.21 1.38E-08 6.94 579
2.52E-09 424 3.23 1.34E-08 7.02 573
2.52E-09 429 3.22 1.41E-08 7.11 582
2.61E-09 434 3.27 1.49E-08 7.20 592
2.71E-09 4.40 3.32 1.52E-08 7.28 5.95
2.90E-09 4.45 3.41 1.63E-08 7.37 6.08
3.08E-09 451 3.50 1.71E-08 7.46 6.17
3.17E-09 456 3.53 1.73E-08 7.55 6.18
3.25E-09 4.62 357 1.89E-08 7.64 6.36
3.27E-09 467 357 2.00E-08 7.73 6.47
3.41E-09 473 3.63 2.08E-08 7.83 6.53
3.64E-09 478 3.73 2.21E-08 7.92 6.67
3.77E-09 484 3.78 2.18E-08 8.01 6.64
3.85E-09 4.90 3.80 2.27E-08 8.11 6.72
3.99E-09 4.96 3.85 2.45E-08 8.21 6.89
4 16E-09 5.02 3.91 2.62E-08 8.31 7.04
4 34E-09 5.08 3.98 2.61E-08 8.41 7.02
4 49E-09 514 4.02 2.72E-08 852 7.11
4.71E-09 521 4.09 2.98E-08 8.61 7.33
5.02E-09 527 419 2.98E-08 872 7.32
5.27E-09 533 4.26 3.08E-08 8.82 7.40
5 54E-09 5.40 434 3.30E-08 8.93 7.58
5.65E-09 5.46 437 3.42E-08 9.04 7.66
5.67E-09 552 437 3.50E-08 9.15 7.72
6.03E-09 559 4.46 3.84E-08 9.26 7.98
6.44E-09 5.66 456 4.03E-08 9.37 8.11
6.44E-09 573 456 3.89E-08 9.48 8.00
6.64E-09 5.80 4.60 4 12E-08 9.60 8.16
6.88E-09 587 4.66 4 27E-08 9.71 8.26
7.46E-09 594 479 4.44E-08 9.82 8.38
7.74E-09 6.00 484 4 83E-08 9.94 8.64
7.91E-09 6.08 487 5.02E-08 10.06 8.76
8.48E-09 6.15 499 5.37E-08 10.18 8.99
8.96E-09 6.23 507 5.63E-08 10.31 9.15
9.51E-09 6.31 517 5.74E-08 10.44 9.21
9.94E-09 6.38 524 571E-08 10.56 9.18
1.01E-08 6.46 526 5.89E-08 10.70 9.28
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Table D1. Continued

da/aN AK closure-free da/dN AK closure-free
(m/cyl) (MPaym) = AK (MPaym) (m/cyl) (MPaym) = AK (MPaym)
K-increasing, C=0.16 mm™ (cont.) 2.04E-07 17.69
6.02E-08 10.82 9.36 2.15E-07 17.89
6.10E-08 10.95 9.40 2.16E-07 18.11
6.42E-08 11.08 9.59 2.17E-07 18.33
6.57E-08 11.21 9.67 2.18E-07 18.55
6.78E-08 11.35 9.78 2.39E-07 18.79
7.09E-08 11.49 9.95 2.50E-07 19.00
7.27E-08 11.63 10.05 2.34E-07 19.24
7.70E-08 11.77 10.28 2.35E-07 19.46
8.11E-08 11.91 10.50 2.49E-07 19.70
8.25E-08 12.05 10.57 2.51E-07 19.93
8.71E-08 12.20 10.80 2.65E-07 20.18
8.95E-08 12.34 10.92 2.62E-07 20.42
9.51E-08 12.49 11.19 2.57E-07 20.69
9.44E-08 12.64 11.15 2.79E-07 20.91
9.82E-08 12.80 11.32 2.84E-07 21.19
1.05E-07 12.95 2.93E-07 21.43
1.03E-07 13.11 2.86E-07 21.68
1.02E-07 13.26 3.00E-07 21.97
1.04E-07 13.42 3.09E-07 22.20
1.13E-07 13.59 3.07E-07 22.49
1.13E-07 13.75 3.83E-07 22.76
1.14E-07 13.92 3.88E-07 23.02
1.26E-07 14.08 3.41E-07 23.32
1.32E-07 14.26 3.43E-07 23.58
1.34E-07 14.43 3.64E-07 23.88
1.38E-07 14.60 3.79E-07 2415
1.42E-07 14.78 3.78E-07 24.45
1.47E-07 14.96 4. 00E-07 24.73
1.54E-07 15.15 4.07E-07 25.04
1.56E-07 15.33 4.08E-07 25.33
1.59E-07 15.51 4 28E-07 25.68
1.65E-07 15.69 4 49E-07 25.93
1.71E-07 15.88 5.57E-07 26.33
1.80E-07 16.07 5.56E-07 26.57
1.77E-07 16.27 5.03E-07 26.94
1.74E-07 16.46 5.07E-07 27.23
1.84E-07 16.66 5.07E-07 27.59
1.91E-07 16.86 5.09E-07 27.88
1.96E-07 17.08 5.27E-07 28.24
2.01E-07 17.28 6.05E-07 28.57
1.97E-07 17.49 6.30E-07 28.90

58




Table D1. Continued

da/dN AK closure-free da/dN AK closure-free
(m/cyl) (MPavym) | AK (MPaym) (m/cyl) (MPavym) = AK (MPaym)
K-increasing, C=0.16 mm™" (cont.) 2.04E-06 35.89
6.49E-07 29.25 2.25E-06 36.31
7.16E-07 29.60 2.60E-06 36.76
7.51E-07 29.97 2.74E-06 37.18
8.02E-07 30.35 2.98E-06 37.69
8.78E-07 30.73 3.12E-06 38.10
9.49E-07 31.12 2.95E-06 38.59
9.29E-07 31.45 3.26E-06 39.11
9.50E-07 31.85 3.36E-06 39.52
1.00E-06 32.20 3.44E-06 40.08
1.09E-06 32.63 4.09E-06 40.51
1.24E-06 33.00 4.60E-06 40.99
1.37E-06 33.43 5.09E-06 41.47
1.41E-06 33.79 5.31E-06 41.97
1.52E-06 34.22 5.45E-06 4248
1.64E-06 34.60 6.20E-06 43.00
1.71E-06 35.05 7.41E-06 43.58
1.89E-06 35.46 7.72E-06 44.04
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Appendix E - Ti 6-2-2-2-2 data in 177°C laboratory air at R = 0.5.

Fatigue crack growth rate (da/dN) and cyclic stress-intensity (AK) data for three tests
(one K-decreasing and two K-increasing) performed on T-L oriented Ti 6-2-2-2-2 in 177 °C
laboratory air at R = 0.5 and 5 Hz is listed in Table E1. The tests were conducted in accordance
with ASTM E 647 [7] with sinusoidal loading and the normalized K-gradient (C) for each test is
listed in Table E1. This data is shown graphically in Figures 10, 11 and 14. Closure-free AK
values, determined using the intersection of closure dominated and K.« affected results (as

demonstrated in Fig. 8), are also presented.

Table E1: Fatigue crack growth rate data for T-L oriented Ti 6-2-2-2-2 tested in
177 °C laboratory air at R = 0.5 and 5 Hz.

da/dN AK closure-free da/dN AK closure-free
(m/cyl) (MPaym) :AK (MPaym) (m/cyl) (MPaym) :AK (MPaym)
K-decreasing, C = -0.079 mm™ 2.58E-09 3.48 3.27
4.81E-09 4.22 416 2.53E-09 3.46 3.24
4.61E-09 419 4.09 2.47E-09 3.44 3.21
4. 52E-09 417 4.06 2.40E-09 3.42 3.18
4.36E-09 414 4.01 2.35E-09 3.40 3.15
4 18E-09 412 3.94 2.33E-09 3.38 3.14
4.05E-09 4.09 3.89 2.32E-09 3.36 3.13
4.00E-09 4.07 3.88 2.28E-09 3.34 3.11
3.95E-09 4.05 3.86 2.24E-09 3.32 3.09
3.93E-09 4.02 3.85 2.20E-09 3.30 3.07
3.92E-09 4.00 3.85 2.16E-09 3.28 3.05
3.80E-09 3.97 3.80 2.16E-09 3.26 3.05
3.60E-09 3.95 3.72 2.12E-09 3.24 3.03
3.53E-09 3.93 3.69 2.08E-09 3.22 3.00
3.51E-09 3.90 3.68 2.09E-09 3.20 3.01
3.45E-09 3.88 3.66 2.09E-09 3.18 3.01
3.42E-09 3.86 3.65 2.05E-09 3.16 2.99
3.34E-09 3.83 3.61 1.99E-09 3.14 2.95
3.30E-09 3.81 3.60 1.93E-09 3.13 2.92
3.28E-09 3.79 3.59 1.90E-09 3.11 2.90
3.21E-09 3.76 3.56 1.92E-09 3.09 2.91
3.10E-09 3.74 3.51 1.91E-09 3.07 2.91
3.04E-09 3.72 3.48 1.84E-09 3.05 2.86
3.05E-09 3.70 3.49 1.72E-09 3.01 2.79
2.98E-09 3.67 3.46 1.72E-09 2.99 2.79
2.88E-09 3.65 3.41 1.70E-09 2.98 2.78
2.92E-09 3.63 3.43 1.68E-09 2.96 2.77
2.88E-09 3.61 3.41 1.66E-09 2.94 2.75
2.77E-09 3.59 3.36 1.62E-09 2.92 2.73
2.71E-09 3.57 3.33 1.60E-09 2.90 2.72
2.70E-09 3.54 3.33 1.58E-09 2.89 2.70
2.67E-09 3.52 3.31 1.53E-09 2.87 2.67
2.61E-09 3.50 3.28 1.54E-09 2.85 2.68
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Table E1. Continued

da/dN AK closure-free da/dN AK closure-free
(m/cyl) (MPaym) AK (MPaym) (m/cyl) (MPaym) AK (MPaym)
K-decreasing, C=-0.079 mm™ (cont.) 1.06E-10 2.22 1.95
1.55E-09 2.84 2.68
1.50E-09 2.82 2.65
1.45E-09 2.80 2.62 K-increasing, C = 0.16 mm’’
1.43E-09 2.78 2.60 3.29E-09 3.72 3.60
1.42E-09 277 2.60 3.38E-09 3.77 3.63
1.38E-09 2.75 257 3.56E-09 3.82 3.71
1.32E-09 2.74 253 3.66E-09 3.87 3.75
1.28E-09 272 250 3.76E-09 3.91 3.79
1.24E-09 2.70 2.48 3.92E-09 3.96 3.85
1.16E-09 2.69 2.42 4 11E-09 4.01 3.92
1.12E-09 2.67 2.39 4 29E-09 4.06 3.98
1.11E-09 2.65 2.38 4 36E-09 411 4.01
1.10E-09 2.64 2.38 4 48E-09 416 4.04
1.10E-09 2.62 2.38 4 57E-09 4.21 4.08
1.07E-09 2.61 2.36 4.62E-09 4.26 4.09
1.01E-09 259 2.31 4.77E-09 4.31 414
9.62E-10 258 2.28 5.02E-09 4.36 422
9.51E-10 2.56 227 5.16E-09 4.42 427
9.72E-10 255 2.29 517E-09 4.47 427
9.64E-10 253 2.28 5.39E-09 452 433
9.10E-10 252 224 5.70E-09 458 4.43
8.77E-10 250 222 5.88E-09 463 4.48
8.67E-10 2.49 2.21 5.96E-09 4.69 450
8.53E-10 2.47 2.20 6.07E-09 475 453
8.15E-10 2.46 218 6.35E-09 4.80 4.60
7.66E-10 2.44 214 6.72E-09 4.86 4.70
7.34E-10 2.43 212 7.07E-09 4.92 479
6.94E-10 2.41 210 7.26E-09 498 4.83
6.59E-10 2.40 2.07 7.45E-09 504 4.88
6.52E-10 2.38 2.07 7.77E-09 510 4.95
6.32E-10 2.37 2.06 8.07E-09 516 5.02
5.99E-10 2.35 2.04 8.36E-09 523 5.08
557E-10 2.34 2.01 8.55E-09 529 512
512E-10 2.33 1.99 8.80E-09 535 517
4.71E-10 2.31 1.97 9.32E-09 5.42 528
4 48E-10 2.30 1.96 9.65E-09 5.48 534
4 10E-10 2.29 1.95 1.00E-08 555 5.41
3.27E-10 227 1.94 1.05E-08 562 550
3.08E-10 2.26 1.94 1.07E-08 5.69 554
2.83E-10 224 1.94 1.11E-08 576 5.61
2.05E-10 223 1.96 1.14E-08 582 5.66
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Table E1. Continued

da/dN AK closure-free da/aN AK closure-free
(m/cyl) (MPaym) = AK (MPaym) (m/cyl) (MPaym) = AK (MPaym)
K-increasing, C=0.16 mm™ (cont.) 4. 82E-08 9.65
1.19E-08 5.89 5.75 4.94E-08 9.77
1.25E-08 5.96 5.85 5.10E-08 9.88
1.28E-08 6.04 5.90 5.24E-08 10.00
1.32E-08 6.11 5.96 5.839E-08 10.12
1.37E-08 6.18 6.04 5.58E-08 10.24
1.40E-08 6.26 6.08 5.83E-08 10.37
1.44E-08 6.33 6.14 5.97E-08 10.50
1.51E-08 6.41 6.03E-08 10.62
1.59E-08 6.49 6.13E-08 10.75
1.67E-08 6.57 9.50E-08 13.14
1.75E-08 6.65 9.65E-08 13.14
1.82E-08 6.73 9.63E-08 13.14
1.87E-08 6.81 9.67E-08 13.14
1.92E-08 6.89 9.81E-08 13.14
2.00E-08 6.97 9.71E-08 13.14
2.07E-08 7.06 9.58E-08 13.14
2.12E-08 714 2.16E-07 19.72
2.22E-08 7.23 2.15E-07 19.72
2.33E-08 7.32 2.14E-07 19.72
2.42E-08 7.41 2.19E-07 19.72
2.51E-08 7.50 2.24E-07 19.72
2.59E-08 7.59 2.23E-07 19.72
2.64E-08 7.68 2.23E-07 20.06
2.75E-08 7.77 2.25E-07 20.32
2.89E-08 7.86 2.31E-07 20.56
3.01E-08 7.96 2.36E-07 20.82
3.16E-08 8.06 2.39E-07 21.07
3.28E-08 8.15 2.43E-07 21.33
3.42E-08 8.25 2.47E-07 21.58
3.47E-08 8.35 2.51E-07 21.84
3.50E-08 8.45 2.57E-07 22.10
3.57E-08 8.56 2.58E-07 22.36
3.68E-08 8.66 2.63E-07 22.63
3.75E-08 8.76 2.67E-07 22.91
3.86E-08 8.87 2.76E-07 23.20
4 03E-08 8.98 2.82E-07 23.47
4 15E-08 9.08 2.84E-07 23.76
4 29E-08 919 2.85E-07 24.04
4. 39E-08 9.30 3.02E-07 24.34
4. 48E-08 942 3.27E-07 24.63
4 66E-08 9.53 3.53E-07 24.94
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Table E1. Continued

da/aN AK da/aN AK da/dN AK
(m/cyl) (MPaym) (m/cyl) (MPaym) (m/cyl) (MPaym)

K-inc., C=0.16 mm™' (cont ) 1.81E-08 6.66 3.64E-08 8.81
3.98E-07 2524 1.85E-08 6.70 3.67E-08 8.87
4. 10E-07 2553 1.88E-08 6.76 3.72E-08 8.92
3.96E-07 25.84 1.90E-08 6.81 3.80E-08 8.98
3.89E-07 26.15 1.95E-08 6.85 3.88E-08 9.04
3.84E-07 26.46 1.99E-08 6.90 3.95E-08 9.10
3.90E-07 26.80 2.04E-08 6.94 4.04E-08 9.15
4.05E-07 2713 2.07E-08 6.99 4 12E-08 9.21
4 17E-07 27.46 2.06E-08 7.03 4.19E-08 9.27
4.31E-07 27.79 2.12E-08 7.10 4. 26E-08 9.33
4 52E-07 28.11 2.18E-08 7.15 4. 28E-08 9.39
4. 77E-07 28.46 2.23E-08 7.22 4. 25E-08 9.45
4. 83E-07 28.80 2.28E-08 7.26 4. 28E-08 9.51
4. 80E-07 29.15 2.33E-08 7.31 4.39E-08 9.57
5.21E-07 29.49 2.35E-08 7.36 4. 48E-08 9.64
6.06E-07 29.84 2.39E-08 7.41 4 55E-08 9.70
6.48E-07 30.21 2.43E-08 7.45 4. 64E-08 9.76
6.25E-07 30.58 2.43E-08 7.50 4.71E-08 9.82
6.25E-07 30.98 2.48E-08 7.55 4.77E-08 9.88
8.74E-07 31.36 2.57E-08 7.60 4. 83E-08 9.95
7.29E-07 31.75 2.59E-08 7.65 4.94E-08 10.01
7.74E-07 32.13 2.61E-08 7.70 5.07E-08 10.08
8.30E-07 32.50 2.66E-08 7.75 5.14E-08 10.14
9.27E-07 32.87 2.69E-08 7.80 5.16E-08 10.21
2.74E-08 7.85 5.22E-08 10.27
2.82E-08 7.90 5.30E-08 10.34

K-inc., C=0.16 mm™ 2.86E-08 7.95 5.37E-08 10.40
1.34E-08 5.96 2.93E-08 8.00 5.46E-08 10.47
1.37E-08 6.00 2.97E-08 8.05 5.50E-08 10.54
1.38E-08 6.06 2.98E-08 8.10 5.53E-08 10.61
1.39E-08 6.10 3.03E-08 8.16 5.64E-08 10.67
1.42E-08 6.14 3.09E-08 8.21 5.70E-08 10.74
1.44E-08 6.18 3.12E-08 8.26 5.84E-08 10.84
1.47E-08 6.22 3.16E-08 8.32 5.95E-08 10.91
1.52E-08 6.28 3.21E-08 8.37 6.11E-08 11.02
1.55E-08 6.32 3.23E-08 8.42 6.14E-08 11.09
1.59E-08 6.38 3.28E-08 8.48 6.18E-08 11.16
1.62E-08 6.42 3.34E-08 8.53 6.33E-08 11.23
1.65E-08 6.46 3.39E-08 8.59 6.39E-08 11.31
1.69E-08 6.51 3.44E-08 8.64 6.42E-08 11.38
1.72E-08 6.55 3.54E-08 8.70 6.62E-08 11.45
1.75E-08 6.59 3.60E-08 8.75 6.75E-08 11.52
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Table E1. Continued

da/aN AK da/aN AK da/dN AK
(m/cyl) (MPaym) (m/cyl) (MPaym) (m/cyl) (MPaym)
K-inc., C=0.16 mm'(cont ) 1.22E-07 15.46 2.05E-07 20.54
6.80E-08 11.60 1.24E-07 15.56 2.08E-07 20.67
6.97E-08 11.71 1.24E-07 15.66 2.12E-07 20.87
7.04E-08 11.78 1.26E-07 15.76 2.14E-07 21.01
7.11E-08 11.90 1.27E-07 15.86 2.17E-07 21.14
7.24E-08 11.98 1.30E-07 15.96 2.21E-07 21.28
7.31E-08 12.05 1.30E-07 16.06 2.23E-07 21.41
7.32E-08 12.18 1.32E-07 16.16 2.22E-07 21.55
7.37E-08 12.21 1.35E-07 16.27 2.21E-07 21.69
7.45E-08 12.28 1.36E-07 16.37 2.24E-07 21.83
7.57E-08 12.36 1.40E-07 16.48 2.28E-07 21.97
7.68E-08 12.44 1.42E-07 16.58 2.29E-07 2211
7.84E-08 12.52 1.44E-07 16.69 2.29E-07 22.25
7.97E-08 12.60 1.45E-07 16.80 2.30E-07 22.49
8.01E-08 12.68 1.48E-07 16.91 2.34E-07 22.68
8.10E-08 12.80 1.50E-07 17.01 2.41E-07 22.93
8.21E-08 12.89 1.50E-07 1712 2.45E-07 23.12
8.42E-08 13.01 1.51E-07 17.23 2.47E-07 23.27
8.54E-08 13.09 1.54E-07 17.34 2.48E-07 23.42
8.63E-08 13.18 1.57E-07 17.45 2.51E-07 23.57
8.68E-08 13.26 1.57E-07 17.57 2.54E-07 23.72
8.83E-08 13.35 1.56E-07 17.68 2.55E-07 23.87
9.03E-08 13.43 1.60E-07 17.85 2.60E-07 24.02
9.12E-08 13.52 1.62E-07 17.96 2.62E-07 2418
9.22E-08 13.60 1.65E-07 18.14 2.61E-07 24.33
9.38E-08 13.69 1.70E-07 18.25 2.63E-07 24.49
9.51E-08 13.78 1.72E-07 18.37 2.64E-07 24.65
9.58E-08 13.87 1.73E-07 18.49 2.70E-07 24.80
9.68E-08 14.00 1.75E-07 18.61 2.70E-07 24.97
9.83E-08 14.09 1.76E-07 18.73 2.68E-07 2513
1.01E-07 14.23 1.77E-07 18.85 2.69E-07 25.29
1.02E-07 14.32 1.79E-07 18.97 2.76E-07 25.46
1.04E-07 14.41 1.81E-07 19.09 2.83E-07 25.61
1.05E-07 14.50 1.86E-07 19.27 2.90E-07 25.78
1.07E-07 14.59 1.89E-07 19.39 2.96E-07 2594
1.08E-07 14.69 1.88E-07 19.58 2.70E-07 26.58
1.10E-07 14.78 1.91E-07 19.71 2.77E-07 26.70
1.12E-07 14.92 1.92E-07 19.82 2.95E-07 26.96
1.12E-07 15.02 1.93E-07 19.96 3.01E-07 2713
1.14E-07 15.16 1.95E-07 20.08 3.08E-07 27.31
1.18E-07 15.26 1.97E-07 20.22 3.20E-07 27.48
1.20E-07 15.36 2.00E-07 20.35 3.25E-07 27.65
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Table E1. Continued

da/dN AK da/dN AK da/dN AK
(m/cyl) (MPavm) (m/cyl) (MPavm) (m/cyl) (MPavm)

K-inc., C=0.16 mm'(cont ) 5.54E-07 32.59 1.16E-06 37.85
3.29E-07 27.83 5.79E-07 32.89 1.19E-06 38.10
3.76E-07 28.02 5.75E-07 33.11 1.20E-06 38.33
3.77E-07 28.19 5.91E-07 33.32 1.20E-06 38.59
3.37E-07 28.38 6.35E-07 33.53 1.20E-06 38.82
3.49E-07 28.55 6.59E-07 33.76 1.25E-06 39.08
3.57E-07 28.73 8.54E-07 33.96 1.31E-06 39.33
3.67E-07 28.92 8.54E-07 34.18 1.36E-06 39.57
3.86E-07 29.19 6.58E-07 34.39 1.43E-06 39.83
3.86E-07 29.38 7.07E-07 34.61 1.43E-06 40.09
3.88E-07 29.66 7.36E-07 34.83 1.49E-06 40.32
3.98E-07 29.86 7.35E-07 35.06 1.67E-06 40.61
3.87E-07 30.04 7.59E-07 35.29 1.72E-06 40.84
4 55E-07 30.49 7.65E-07 35.53 1.82E-06 4112
4.76E-07 30.67 7.70E-07 35.74 2.09E-08 41.39
4.84E-07 30.86 7.87E-07 36.10 2.39E-08 41.65
4.72E-07 31.06 8.10E-07 36.30 2.65E-06 41.92
4.75E-07 31.26 8.76E-07 36.65 2.70E-08 4215
4 69E-07 31.45 9.00E-07 36.88 3.34E-06 42.47
4.66E-07 31.66 9.29E-07 37.18 4. 12E-08 42.69
4. 90E-07 31.86 9.90E-07 37.36 4. 96E-08 43.02
5.21E-07 32.07 1.08E-06 37.61 5.46E-06 43.28
5.38E-07 32.37
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Appendix F - Ti 6-2-2-2-2 data in 177°C laboratory air at R = 0.1.

Fatigue crack growth rate (da/dN), cyclic stress-intensity (AK) and effective cyclic stress-
intensity (AK.g) data for two tests (one K-decreasing and one K-increasing) performed on T-L
oriented Ti 6-2-2-2-2 in 177 °C laboratory air at R = 0.1 and 5 Hz is listed in Table F1. The tests
were conducted in accordance with ASTM E 647 [7] with sinusoidal loading and the normalized
K-gradient (C) for each test is listed in Table F1. This data is shown graphically in Figures 10,

11 and 13. Closure-free AK values, determined using the intersection of closure dominated and
Komax affected results (as demonstrated in Fig. 8), for da/dN less than 1 x 107 m/cycle are also

presented.

Table F1: Fatigue crack growth rate data for T-L oriented Ti 6-2-2-2-2 tested in
177 °C laboratory air at R = 0.1 and 5 Hz.

da/dN AK closure-free da/dN AK closure-free
(m/cyl) (MPaym) :AK (MPaym) (m/cyl) (MPaym) AK (MPaym)
K-decreasing, C = -0.079 mm™" 1.26E-09 3.60 2.50
2.24E-09 4.36 3.11 1.27E-09 3.57 2.51
2.25E-09 4.34 3.12 1.27E-09 3.55 2.51
2.20E-09 4.31 3.09 1.24E-09 3.53 2.49
2.22E-09 4.28 3.10 1.17E-09 3.51 2.44
2.23E-09 4.25 3.11 1.10E-09 3.49 2.39
2.19E-09 4.23 3.09 1.07E-09 3.47 2.37
2.10E-09 4.20 3.03 1.04E-09 3.45 2.35
1.92E-09 418 2.93 9.35E-10 3.43 2.27
1.84E-09 415 2.88 1.00E-09 3.40 2.32
1.87E-09 413 2.90 1.04E-09 3.39 2.35
2.05E-09 410 3.01 9.35E-10 3.36 2.27
2.25E-09 4.08 3.12 9.06E-10 3.35 2.25
2.20E-09 4.05 3.09 8.46E-10 3.33 2.21
2.02E-09 4.03 2.99 8.10E-10 3.31 2.19
1.97E-09 4.00 2.96 7.57E-10 3.29 2.15
1.91E-09 3.98 2.92 7.43E-10 3.27 2.14
1.79E-09 3.96 2.85 7.12E-10 3.25 2.12
1.78E-09 3.93 2.85 6.27E-10 3.23 2.07
1.75E-09 3.91 2.83 5.88E-10 3.21 2.04
1.70E-09 3.89 2.80 581E-10 3.19 2.04
1.65E-09 3.86 2.76 4.93E-10 3.17 1.99
1.66E-09 3.84 2.77 3.90E-10 3.15 1.96
1.66E-09 3.82 2.77 3.19E-10 3.13 1.95
1.62E-09 3.79 2.74 8.38E-11 3.11 1.93
1.61E-09 3.77 2.74
1.56E-09 3.75 2.71
1.49E-09 3.73 2.66 K-increasing, C=0.16 mm’'
1.43E-09 3.71 2.62 1.565E-09 3.55 2.70
1.38E-09 3.68 2.59 1.56E-09 3.61 2.71
1.35E-09 3.66 2.56 1.60E-09 3.65 2.73
1.31E-09 3.64 2.54 1.66E-09 3.69 2.77
1.25E-09 3.62 2.50 1.72E-09 3.74 2.81
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Table F1. Continued

da/aN AK closure-free da/aN AK closure-free
(m/cyl) (MPaym) | AK (MPaym) (m/cyl) (MPaym) . AK (MPaym)
K-increasing, C=0.16 mm™ (cont.) 7.28E-09 6.19 4 .91
1.82E-09 3.78 2.87 7.59E-09 6.27 499
1.87E-09 3.83 2.90 7.88E-09 6.34 5.06
1.91E-09 3.88 2.93 8.20E-09 6.42 513
1.98E-09 3.92 2.97 8.69E-09 6.50 5.24
2.04E-09 3.97 3.00 9.07E-09 6.58 5.32
2.15E-09 402 3.07 9.36E-09 6.66 5.38
2.20E-09 4.07 3.09 9.62E-09 6.74 5.43
2.19E-09 412 3.09 9.99E-09 6.82 5.51
2.25E-09 417 3.12 1.05E-08 6.90 5.60
2.38E-09 422 3.19 1.11E-08 6.99 5.72
2.50E-09 427 3.26 1.16E-08 7.07 5.81
2.55E-09 432 3.28 1.21E-08 715 5.90
2.58E-09 437 3.30 1.27E-08 7.24 6.00
2.74E-09 4.42 3.38 1.30E-08 7.33 6.05
2.89E-09 4.48 3.45 1.37E-08 7.42 6.16
2.95E-09 453 3.48 1.44E-08 7.50 6.27
2.97E-09 459 3.49 1.49E-08 7.59 6.35
3.04E-09 464 3.52 1.55E-08 7.69 6.44
3.18E-09 470 3.58 1.59E-08 7.78 6.49
3.30E-09 475 3.63 1.68E-08 7.87 6.62
3.34E-09 4.81 3.65 1.77E-08 7.97 6.75
3.839E-09 4.87 3.67 1.81E-08 8.06 6.80
3.53E-09 493 3.73 1.87E-08 8.16 6.88
3.71E-09 499 3.81 1.99E-08 8.26 7.04
3.87E-09 5.05 3.87 2.07E-08 8.36 714
3.99E-09 5.11 3.92 2.15E-08 8.46 7.24
4. 23E-09 5.17 4.01 2.25E-08 8.56 7.36
4. 44E-09 5.23 4.08 2.33E-08 8.67 7.45
4 57E-09 5.30 413 2.43E-08 8.77 7.57
4. 69E-09 5.36 417 2.61E-08 8.88 7.78
4. 86E-09 5.42 423 2.71E-08 8.99 7.89
5.06E-09 5.49 429 2.79E-08 910 7.97
5.21E-09 5.56 434 2.92E-08 9.21 8.11
5.45E-09 5.62 4.41 3.01E-08 9.32 8.20
5.77E-09 5.69 451 3.09E-08 9.43 8.28
5.99E-09 5.76 457 3.22E-08 9.54 8.42
6.15E-09 5.83 462 3.41E-08 9.66 8.61
6.31E-09 5.90 4.66 3.58E-08 9.78 8.77
6.57E-09 5.97 473 3.67E-08 9.90 8.86
6.97E-09 6.05 484 3.67E-08 10.01 8.85
7.19E-09 6.12 4.89 3.81E-08 10.13 8.99
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Table F1. Continued

da/aN AK closure-free da/dN AK closure-free
(m/cyl) (MPaym) | AK (MPaym) (m/cyl) (MPaym)  AK (MPaym)
K-increasing, C=0.16 mm™ (cont.) 1.08E-07 14.88
2.79E-08 910 7.97 1.13E-07 15.06
2.92E-08 9.21 8.11 1.15E-07 15.25
3.01E-08 9.32 8.20 1.17E-07 15.43
3.09E-08 9.43 8.28 1.21E-07 15.62
3.22E-08 9.54 8.42 1.26E-07 15.81
3.41E-08 9.66 8.61 1.29E-07 15.99
3.58E-08 9.78 8.77 1.32E-07 16.19
3.67E-08 9.90 8.86 1.36E-07 16.38
3.67E-08 10.01 8.85 1.39E-07 16.58
3.81E-08 10.13 8.99 1.44E-07 16.78
4.03E-08 10.25 919 1.48E-07 16.98
4 15E-08 10.37 9.30 1.52E-07 17.18
4 30E-08 10.50 9.43 1.54E-07 17.39
4. 44E-08 10.63 9.56 1.56E-07 17.61
4. 64E-08 10.76 9.73 1.61E-07 17.82
4 86E-08 10.89 9.92 1.66E-07 18.04
4 97E-08 11.02 10.01 1.70E-07 18.25
5.26E-08 11.16 10.25 1.74E-07 18.48
5.46E-08 11.29 10.41 1.80E-07 18.70
5.51E-08 11.43 10.45 1.87E-07 18.92
5.68E-08 11.56 10.59 1.93E-07 19.15
5.83E-08 11.70 10.71 1.98E-07 19.38
6.02E-08 11.85 10.85 2.03E-07 19.62
6.20E-08 11.99 10.99 2.04E-07 19.85
6.35E-08 1213 11.11 2.06E-07 20.09
6.52E-08 12.28 11.23 2.11E-07 20.34
6.84E-08 12.43 11.47 2.17E-07 20.58
6.99E-08 12.58 11.58 2.24E-07 20.83
7.03E-08 12.73 11.61 2.34E-07 21.08
7.33E-08 12.88 11.83 2.39E-07 21.34
7.71E-08 13.04 12.10 2.41E-07 21.60
8.01E-08 13.20 12.31 2.45E-07 21.86
8.30E-08 13.36 12.51 2.49E-07 2212
8.72E-08 13.52 12.79 2.54E-07 22.38
8.98E-08 13.68 12.96 2.61E-07 22.65
9.15E-08 13.85 13.07 2.72E-07 22.92
9.54E-08 14.01 13.33 2.80E-07 23.20
9.84E-08 1418 13.52 2.89E-07 23.48
1.01E-07 14.36 2.96E-07 23.77
1.04E-07 14.53 2.99E-07 24.06
1.05E-07 14.70 3.03E-07 24.35
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Table F1. Continued

da/aN AK da/aN AK da/dN AK
(m/cyl) (MPaym) (m/cyl) (MPaym) (m/cyl) (MPaym)

K-inc., C=0.16 mm™' (cont ) 5.45E-07 35.83 1.88E-06 51.42
3.11E-07 24.64 5.53E-07 36.28 1.98E-06 52.03
3.18E-07 24.93 5.74E-07 36.71 2.20E-08 52.65
3.18E-07 2524 5.91E-07 37.16 2.35E-08 53.28
3.21E-07 2555 5.85E-07 37.61 2.44E-06 53.93
3.26E-07 25.86 5.94E-07 38.07 2.46E-06 5453
3.35E-07 26.17 6.20E-07 38.53 2.65E-06 5522
3.37E-07 26.48 8.52E-07 39.00 3.02E-086 55.87
3.38E-07 26.79 6.87E-07 39.46 3.15E-06 56.55
3.51E-07 2712 6.86E-07 39.94 3.35E-06 57.27
3.64E-07 27.45 6.86E-07 40.42 3.80E-086 57.94
3.70E-07 27.79 7.15E-07 40.91 4. 39E-06 58.65
3.77E-07 28.13 7.40E-07 41.40 4. 68E-06 59.37
3.86E-07 28.48 7.84E-07 41.91 4. 99E-08 60.12
3.92E-07 28.82 8.53E-07 42.41 5.08E-06 60.81
3.94E-07 29.16 9.32E-07 42.94 5.41E-08 61.59
3.98E-07 29.52 9.61E-07 43.45 7.04E-06 62.33
4.05E-07 29.87 9.58E-07 43.98 8.41E-06 63.16
4.08E-07 30.23 1.01E-06 44 51 8.57E-06 63.92
4.07E-07 30.59 1.02E-06 45.03 8.49E-06 64.77
4.09E-07 30.97 1.04E-06 4558 9.34E-06 65.47
4. 22E-07 31.83 1.13E-06 46.12 1.21E-05 66.28
4. 38E-07 31.72 1.23E-06 46.68 1.36E-05 67.13
4. 36E-07 32.09 1.28E-06 47.24 1.30E-05 67.99
4. 46E-07 32.94 1.32E-06 47.81 1.64E-05 68.96
4 52E-07 33.34 1.42E-06 48.39 2.18E-05 69.79
4 50E-07 33.75 1.51E-06 48.96 2.81E-05 70.86
4.69E-07 34.17 1.59E-06 49.57 2.79E-05 71.60
4. 90E-07 34.57 1.69E-06 50.18 3.78E-05 73.03
5.05E-07 35.00 1.81E-06 50.79 3.30E-05 73.78
5.33E-07 35.41
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